Aerosol optical depth (AOD) has been measured at the Atmospheric Radiation Measurement (ARM) central facility near Lamont, Oklahoma, since the fall of 1992. Most of the data presented are from the multi-filter rotating shadowband radiometer, a narrow-band, interferencefilter sunradiometer with five aerosol bands in the visible and near infrared, however, AOD measurements have been made simultaneously and routinely at the site by as many as three different types of instruments including two pointing sunradiometers. Scatterplots indicate high correlations and small biases consistent with earlier comparisons. The early part of this 16-year record had a disturbed stratosphere with residual Mt. Pinatubo aerosols, followed by the cleanest stratosphere in decades. As such, the last 13 years of the record reflect changes that have occurred predominantly in the troposphere. The field calibration technique is briefly described and compared to Langley calibrations from Mauna Loa Observatory. A modified cloudscreening technique is introduced that increases the number of daily-averaged AODs retrieved annually to about 250 days compared to 175 days when a more conservative method was employed in earlier studies. AODs are calculated when the air mass is less than six, i.e., when the sun's elevation is greater than 9.25º. The more inclusive cloud-screen and the use of most of the daylight hours yield a data set that can be used to more faithfully represent the true aerosol 1 Accepted for publication in J. Geophys. Res.
facility south of Ponca City, but all of these sources are well east of the site. The largest urban area is Oklahoma City some 130 km south of the site.
This paper provides an overview and analysis of AOD measurements for the central facility at which AOD measurements have been made continuously since 1992. It focuses on measurements made with the multi-filter rotating shadowband radiometer (MFRSR) that measures aerosol at five wavelengths between 415 and 870 nm using 10-nm wide (full width at half maximum) filters. Comparisons are made to the other long-term AOD measurements at the SGP central facility, which are sun-pointing sunradiometers, to further investigate the accuracy of the climatological record that is presented. A revised technique to screen for clouds is outlined and examined with several examples to assess the limits of applicability. Diurnal behavior as a function of month is examined. The availability of a long-term record of daily AOD measurements permits the investigation of the climatological representativeness of a single daily measurement or a few measurements each day, as might be obtained with a satellite or hand-held instrument, compared to more complete diurnal sampling.
Instruments, Calibrations, and Cloud-Screening
The MFRSR is fully described in Harrison et al. [1994] , but a brief description follows: the MFRSR uses a horizontal diffuser that approximates a Lambertian receiver (one whose response decreases as the cosine of the angle of incidence); radiation that is transmitted through the diffuser reaches seven channels, including six filtered channels and an open channel that is used as a proxy measurement of broadband solar irradiance. A microprocessor-controlled procedure makes four measurements; one with the band at the nadir position; one just short of blocking the sun; one blocking the sun; and one just past the sun-blocked position. The two, near-sun stops are used to calculate the excess diffuse radiation blocked by the band during the sun-blocked measurement. The direct is calculated by subtracting the corrected diffuse from the measurement with the band at the nadir position, whose difference is approximately the direct that would fall on a horizontal surface. After division by the cosine of the solar-zenith angle, corrections for the imperfect cosine response, based on pre-deployment laboratory characterizations, are applied. ARM also operates the normal incidence multi-filter radiometer (NIMFR) that uses the same receiver as the MFRSR, but it has a field of view with a full angular width of 5.7º and points at the sun continuously. This instrument was not deployed until the last half of the data record discussed in this paper.
The CIMEL sunradiometer points at the sun using a full field of view of 1.2º. There are significantly fewer data used in the CIMEL daily averages because the CIMEL only samples about every 15 minutes compared to MFRSR data that are sampled more frequently. For the first three years the MFRSR data were, either one-minute averages of samples taken once every 15 seconds, or single measurements made once every 15 seconds. The remaining 13 years of data are samples made once every 20 seconds. All NIMFR data are single samples made every 20 seconds.
Total optical depth τ(t,λ) is calculated for all sunradiometers using τ (t,λ) = ln[(I 0 (t,λ)/ I (λ)] / m where I 0 is the top-of-atmosphere solar irradiance for the passband at wavelength λ, I is the measured solar irradiance at the surface, and m is the pathlength through the atmosphere relative to the zenith direction, or air mass. The determination of I 0 is the calibration, which will be discussed presently. The AOD is obtained in five wavelength channels by subtraction of the optical depth due to Rayleigh scattering and the ozone absorption optical depth.
The calibration technique used for all of the data in this paper, with the exception of those obtained with the CIMEL instrument, for which the AERONET protocol (Holben et al. [2001] ) is followed, is briefly summarized here. The calibrations of the MFRSRs and NIMFR instruments used at the site are based on a field technique described in Michalsky et al. [2001] .
The field technique is compared in this paper to traditional Langley calibrations performed on Mauna Loa, widely regarded as the premier site for these measurements.
Morning and afternoon data plots of the ln(I) versus m (a Langley plot) for air masses between 2 and 6 are screened for clear, stable periods as described in Harrison and Michalsky [1994] . All acceptable Langley-plot intercepts within a 60-day window, centered on the day for which a calibration is required, were used to estimate an instrument calibration for the five aerosol channels. The Langley plot intercepts, which are estimates of an instrument's response at the top of the atmosphere, are first normalized to unit Earth-Sun distance, and then a robust estimate for the calibration, employing the procedure described in Michalsky et al. [2001] , is obtained for each day during the deployment of each MFRSR. Smoothing is applied to these daily Langley intercept estimates plus all of the individual Langley intercepts obtained in the first and last 30 days of the deployment. For the ARM site the uncertainties in the Langley plot intercepts is typically between 1 and 2% with the larger uncertainties in the summer because of fewer stable Langley plots. A 1% uncertainty in the intercept is approximately 0.01 AOD uncertainty at one air mass; the uncertainty decreases with inverse air mass. A deployment is usually terminated because of equipment failure, often the result of nearby lightning strikes. Eight different MFRSR configurations were used in obtaining 16 years of data for the primary MFRSR site at the SGP central facility with continuous deployments as short as six months and as long as six years.
Comparisons of a non-ARM MFRSR calibrated by this field technique and also calibrated at Mauna Loa Observatory are shown in Figure 1 to demonstrate the veracity of the field technique even at a difficult site. The field calibration was performed at the CERES Ocean Validation Experiment (COVE, see cove.larc.nasa.gov) site on the Chesapeake Lighthouse. At the COVE site acceptable Langley plots are obtained infrequently, especially for the shorter wavelengths.
The boxplots for Figure 1 are for the five filters used for aerosol measurements in the MFRSR indicated by the numerical suffix in nm, for example, the label 'mlo415' is the boxplot for Langley intercepts obtained at Mauna Loa Observatory (MLO) for the 415-nm filter. Four months of MLO Langley plots produced calibrations that are compared with three years of COVE Langley plot calibrations. In every case the spread in the COVE boxplots is larger. Most of this spread results from the less stable atmospheric conditions at COVE compared to the MLO site and the stability of the instrument caused by diffuser soiling or filter transmission losses, but some is caused by the annual variability of the Langley intercepts (see Augustine et al., [2008] ) that is generally attributed to ambient temperature effects on the Spectralon® diffuser. The median MLO intercepts are larger than the COVE intercepts, which is to be expected as the diffuser of the MFRSR soils and the interference filters degrade at the COVE site. The largest difference in medians is 4.3% for 415 nm, and the smallest is 0.3% for 673 nm. While the goal here was to validate the field calibration technique that is used to calibrate instruments at the SGP, Figure 1 demonstrates that the technique produces plausible calibrations compared to MLO calibrations, but this test should be repeated with Langley plots at MLO and SGP separated by months rather than the two-year separation represented here.
As the desired property from the measurements is aerosol optical depth, it is essential to screen 154 against clouds. While such screening is trivial for thick clouds that totally obscure the sun, such 155 screening is problematic for thin clouds whose contribution to optical depth might otherwise be 156 ascribed to aerosols. In principal, approaches to cloud screening might rely on temporal variation 157 of optical depth as the cloud is swept across the sun by the wind, or, alternatively, by the 158 wavelength dependence of the optical depth, as cloud drops are sufficiently large that their 159 optical depth exhibits little dependence on wavelength, in contrast to the typical significant 160 wavelength dependence of aerosols. The second, more stringent, filter, which is also based on temporal variability, scales the allowed 184 variability according to the magnitude of the AOD. A LOWESS (locally-weighted scatterplot 185 smoother [Cleveland, 1979] ), using two-thirds of the day's data at each point, is used to provide is calculated using two optical depth measurements, specifically at 500 and 870 nm, as 205
The Ångström exponent time series can be visually examined for its temporal variation and also 207 as a check on the cloud-screening algorithm. 208
Application of the cloud-screening algorithm is illustrated for three days to make a few key 209
points. First, it should be noted that because we require 10 consecutive minutes of measurements 210 it is inevitable that some clear-sky points are removed, as brief cloud passages would eliminate 211 stretches of clear-sun views shorter than 10 minutes. the two years, with mean differences that are the same and slopes very close to, and 270 insignificantly different from, unity. The effect of these small slope differences is strongly 271 influenced by the sparse, high-valued AODs. Nonetheless, even for an AOD of 0.5, the 272 difference in AOD caused by non-unity slopes is less than 0.01. The mean differences, which are 273 wavelength independent, are more problematic. The cause of the differences is unclear: it may be 274 that the angular responses, which are pre-measured in order to correct for the instrument's 275 deviation from true cosine response, are changing as the diffuser degrades; it may be a subtle tilt 276 in the receivers from ideal horizontal alignment; or some combination of the above, or it may 277 just be the uncertainty and bias introduced by the field calibration of each instrument. In offsets in AODs that are less than or on the order of 0.015. We suspect that these are associated 282 with small, field calibration differences or subtle angular response or tilt issues. It should be 283 stated that the data shown in these two figures have the largest differences that we have seen in 284 comparing daily averages for the ten years where we have two instruments measuring AOD.
In Over 4000 daily-averaged AODs were retrieved for the sixteen-year period. Therefore, average 297 daily values were retrieved, on average, two of every three days. There were ten gaps that 298 exceeded two weeks, two that exceeded one month, and one that exceeded two months. The 299 larger gaps were the result of equipment failures, but extended cloudy periods occasionally 300 caused gaps that were a week or longer. On average there were two to three such gaps each year. 301
The greater recovery of aerosol data resulted in higher daily-averaged AODs, especially in the The annual cycle of AOD is examined in Figure 9 , which is a composite plot of all daily values 332 for the entire record subsequent to October 1995 (excludes Pinatubo aerosols) as a function of 333 day of year. The peak extinction occurs in the middle of summer and the minimum is at the 334 beginning of winter, therefore, the annual cycle in aerosol loading is asymmetric. The day-to-day 335 variations are pronounced during all times of the year, but the highest absolute variability occurs 336 during the summer. For any day of the year AOD can exceed the LOWESS fit by more than 337 100%, therefore, uncertainties introduced by using climatological values of AOD in radiative 338 transfer models can be substantial. 339
The Ångström exponent (α), defined earlier, for the 16-year record is plotted in Figure 10 Ångström coefficient data after October 1995 (excludes Mt. Pinatubo aerosols) is given in Figure  355 11. There is interesting structure in this plot: first, the highest values occur in late August 356 indicating the smallest particles of the year; the lowest Ångström coefficients, and therefore, 357 largest particles are found in late December and late April. Winter minima in particle size are 358 typical of continental sites, but the second minimum in April may be associated with the 359 transport of Asian aerosols to the U.S., which was also found for the western U.S. SURFRAD 360 sites in Augustine et al. (2008) . Finally, there are secondary minima around mid-July and early 361
October that approximately coincides with harvesting and fall planting activity, respectively; 362 these farming activities increase the airborne dust, which are, of course, large particles. 363
The annual-averaged data for the complete years in the record are summarized using boxplots in 364 higher than in January, the inter-quartile ranges are larger but again overlapping, and the 394 whiskers, which indicate scatter, are similar except for the end boxes. In March and April the 395 medians are incrementally higher than February and March, respectively, with overlapping, and 396 somewhat larger, inter-quartile ranges, and no pattern in the extent of the whiskers from one hour 397 to the next. The medians continue to rise from May to June and to July, and there is a tendency in 398 these months for the afternoon AOD medians to be slightly higher than the morning, but thedifferences are not statistically significant. August is slightly lower and the morning-afternoon 400 difference is not apparent. In September medians drop, and then a large change in terms of lower 401
AODs occurs for October, November, and December with progressively lower scatter in these 402 months; note the size of the inter-quartile range. These data thus indicate, at least statistically, 403 that little bias in long-term trends would arise from sampling the AOD at a given time of day, as 404 would be the situation for measurement by sun-synchronous satellite, instead of this more 405 complete sampling for the daily average. 406
The daily diurnal trend based on these five years, Figure 14 , shows that the median AOD values 407 differ by less than 0.005 over the course of the day. The large number of AOD measurements 408 included in each boxplot is noted below each box. The lack of diurnal variation in AOD is 409 surprising in view of the fact that the aerosol scattering coefficient increases strongly with 410 relative humidity and the expectation of higher relative humidity in the boundary layer in the 411 early morning and late afternoon. There is a noticeable change in the variability over the course 412 of the day, with boxes and whiskers that are smallest at midday and progressively larger with 413 increasing departure in time from midday, both earlier and later. Clearly, the variability is not 414 correlated with the number of AOD measurements within the hour. 415
Discussion and Summary 416
The approach taken to establish the aerosol climatology was to weight every measurement of 417 AOD on a single day equally in computing the daily-averaged AOD. On a day where, for 418 example, the morning has many fewer measurements than the afternoon, this approach yields an 419 average AOD that is more heavily influenced by the afternoon. Such a weighting might be 420 appropriate in consideration of direct radiative forcing, where the aerosol forcing is effective 421 only in cloud-free sky. In computing long-term (monthly, annual) averages the procedure was to 422 weight each day's AOD equally. An alternative might have been to weight the values by the 423 number of measurements on a given day; however, a cloud-free day with low AOD would exert 424 more influence on the derived climatology than that of partly cloudy days and skew the results 425 producing a non-representative aerosol climatology. 426
The goal of this paper was to present a new and more representative aerosol climatology for a 427 single site based on as complete a record for that site as was practical. The same type of 428 instrument (MFRSR) was used for the entire record. Most of the measurements were taken every 429 20 seconds, but a few years at the beginning had 15-second samples and one-minute averages of 430 15-second samples. The field calibration technique that is used, so that the instrument does not 431 have to be removed and interrupt the record, was described and partially validated by comparing 432 field calibrations with Mauna Loa calibrations; however, the time between calibrations 433 compromised the comparison. Acceptable comparisons were also made with side-by-side 434 pointing instruments calibrated either using this field technique or using calibrations transferred 435 from instruments calibrated on Mauna Loa. 436
A modified method for cloud-screening was described and illustrated. This method results in a 437 substantial increase in the number of days for which an averaged AOD can be calculated (a 438 previous method produced a daily average every second day and with this method there is a daily 439 average two out of every three days). There are cases where AODs were screened as cloudy 440 because there were fewer than 10 consecutive minutes of clear sky or the aerosol varied rapidly 441 because there were structured plumes of smoke from field burning, for example. There are also 442 some instances where very thin clouds have likely been included as aerosol although the absolute 443 contribution to the total extinction is expected to be small. suggesting that the diffuse horizontal irradiance brightening found by et Long al. [2009] 
